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Abstract—Antenna diversity gain for theoretical as well as 
measured antennas is studied in two extreme environments, the 
rich isotropic multipath environment (RIMP) and the random 
line-of-sight environment. The RIMP diversity gain was 
previously defined based on improved fading performance, here 
we equivalently consider it as a metric for the cumulative 
improvement of the 1% worst users randomly distributed in the 
RIMP environment. Similarly, we consider the diversity gain in 
the random line-of-sight environment to be the performance 
improvement of the 1% of the users which receives the weakest 
signal relative to a theoretical Rayleigh distribution of the signal 
levels among the users. The random line-of-sight environment is 
regarded as being caused by the statistics of an ensemble of users 
(or terminals) with arbitrary 3D orientations.   
Keywords-MIMO; antenna diversity gain; random line-of-
sight; OTA measurements 
I.  INTRODUCTION 
Modern wireless devices with multiport antennas are able 
to exploit the multipath environment by the use of multiple-
input multiple-output (MIMO), diversity and spatial 
multiplexing. Currently there are a lot of work in different 
standardization groups for the development of new test 
methods that can characterize also the antenna diversity and 
spatial multiplexing. These methods are commonly referred to 
as over-the-air (OTA) tests in contrast to conductive tests 
where the antennas are bypassed and a multipath emulator is 
connected directly to the input of the transmitter/receiver. 
The statistical multipath environments in urban areas and 
indoor are normally rich and close to isotropic, where the latter 
means that the angles-of-arrivals (AoA) of the incident waves 
on the wireless device are uniformly distributed over all 
directions in 3D space. The antenna diversity gain is properly 
defined in the rich isotropic multipath environment (RIMP) [1] 
and can conveniently be measured in a reverberation chamber 
that properly emulates the RIMP [2]. Although the RIMP can 
be considered to be an extreme environment it is a proper 
reference environment for mobile wireless devices if we also 
take the arbitrary orientation of the device into account. 
However, since not all environments are rich and close to 
isotropic, we study in this paper also another extreme 
environment, the random line-of-sight environment. 
In rural areas and close to the base station there will often 
be a significant line-of-sight (LOS) component, i.e. a dominant 
wave incident from a specific direction. This is a classical 
environment present in all point-to-point communication 
systems with fixed antenna installations. However, when 
considering mobile communication systems the orientations of 
the user as well as the mobile device are arbitrary and therefore 
we will in the present paper study antenna diversity for an 
ensemble of users in the LOS environment. We follow the 
definitions in [3] and consider the so-called user-distributed 
3D-random LOS environment. This can be described as a 
single incident wave with constant amplitude and with arbitrary 
incidence direction and polarization. We study the antenna 
diversity by studying an ensemble of users having the same 
device. Other publications related to random LOS like [4-6] 
have considered moving single users, whereas we are 
concerned about evaluating performance over an ensemble of 
users. It should be pointed out that the observed cumulative 
distribution functions (CDFs) in our case are not representing 
fading, i.e. a time-varying signal, but rather a spatial 
distribution over an ensemble of users having the same device. 
The CDFs for multiport antennas in user-distributed 3D-
random LOS can be computed with ViRM-Lab, a computer 
code for analyzing performance of wireless terminals in 
multipath with many arbitrary incident waves [7] based on 
standard receive antenna equivalent circuits [8]. However, 
since we here only need to consider one incident wave we 
simplify the analysis by uniformly sampling the 3D far-field 
function over the unit sphere, and then create the CDF from 
these samples. This is computationally very fast and we have 
verified the results by comparison with the more general 
ViRM-Lab. 
II. CUMULATIVE DIVERSITY GAIN IN RICH ISOTROPIC 
MULTIPATH AND RANDOM LINE-OF-SIGHT ENVIRONMENTS 
Diversity and MIMO antennas have multiple ports and their 
performance can be quantified by processing the wireless 
channel between the ports on both sides of the communication 
link. Previous papers such as [2] have defined the diversity 
gain from the CDFs in a RIMP environment by considering a 
moving user. The CDFs are then generated by collecting time 
samples of the received signals on each port, as well as of the 
diversity combined port. In addition a CDF is generated from a 
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reference antenna with known efficiency (usually assumed to 
be 0 dB) in the same RIMP environment. The average received 
power from this reference antenna is used to normalize the 
other CDFs. All single-port CDFs will follow the theoretical 
Rayleigh distribution independent of the directivity of the 
antenna provided the environment is rich enough, but will be 
shifted towards lower received power levels relative to the 
reference CDF by an amount equal to the total embedded 
radiation efficiency seen at the port [2]. Previously, diversity 
gain was defined for RIMP based on improved fading 
performance at a certain CDF level, often taken to be 1%. 
However, we could just as well consider it to be a metric of the 
cumulative improvement of the 1% worst users randomly 
distributed in the RIMP environment as is argued for in [9]. We 
then refer to it as the cumulative RIMP diversity gain and 
measure it relative the theoretical Rayleigh distribution. We 
choose in our examples maximum ratio combining (MRC) of 
the voltages at each port as the diversity scheme and we 
consider only two port antennas. Of convenience, we neglect 
the embedded element efficiencies by assuming lossless 
matched antennas, as well as no coupling loss between the 
antenna ports. We can do this without loss of generality since 
efficiency will simply shift the CDFs and not change their 
shapes as discussed above. 
For the user-distributed 3D-random LOS environment we 
consider an ensemble of users. If we have a large enough 
ensemble, it is easy to understand that the AoA of the LOS will 
be uniformly distributed in the azimuthal plane since each user 
can have any azimuthal orientation. It is not so obvious that the 
AoA will be uniformly distributed also in the elevation plane, 
as argued for in [9]. A related interchanging of horizontal and 
vertical directions appears also in modern handheld tablets that 
can be used for any orientation of the display, i.e. any of its 
four edges can be pointing up, as shown in Fig. 1. Thus, we can 
defend studying a user-distributed 3D-random LOS. 
 
 
Figure 1.  Modern tablets can be used for any orientation relative to the 
surrounding environment. Their built-in antennas will therefore experience 
any incident wave (LOS) as being uniformly distributed over all AoA, i.e. a 
3D-random LOS.  
For the random LOS environment we follow a similar 
approach for generating the CDF curves as we did for the 
RIMP environment. The difference is that we now generate our 
voltage samples by considering each user, one at a time, 
instead of considering a moving user. Since each user has a 
random 3D orientation and the exciting single wave comes 
from a specific direction the CDFs are simply generated by 
sampling the embedded far-field functions over the unit sphere 
and arranging the samples from lowest to highest levels. 
As an example we consider the mockup of a mobile phone 
with a two port diversity antenna shown in Fig. 2. The CDFs 
for the RIMP and user-distributed 3D-random LOS 
environments together with the MRC combined CDFs are 
shown in Fig. 3. These results are based on measured 
embedded far-field functions, i.e. far-field functions measured 
on each port with the other port terminated in 50 ohm. For the 
calculations 105 realizations were used for both environments, 
and twenty linearly polarized waves were used in each 
realization for the RIMP and one for the random LOS 
environment. In the figure the CDFs are normalized to the 
highest average received power among the two ports which 
means that the total embedded element efficiency for the 
strongest port do not show up in the curves and therefore one 
of the RIMP CDFs coincide with the theoretical Rayleigh. This 
can be seen at low CDF-levels were the calculated curve has 
not fully converged. In order to be able to compare CDFs and 
diversity gains for different antennas we need to correct for the 
efficiencies, for the considered handheld position and 
frequency these were -7.1 dB and -8.9 dB for port 1 and port 2, 
respectively. 
 
Figure 2.  Photo of mobile phone mockup with two port diversity antenna 
(masked antenna elements). The size is 115x55x12 mm3. 
 
Figure 3.  Apparent cumulative RIMP diversity gain (9.4 dBR) and 3D-
random LOS diversity gain (8.0 dBR) for the two port antenna shown in Fig. 2 
in handheld position. Solid lines represent the CDFs on each port for the two 
environments. Dashed lines represent the maximum ratio combined cases. The 
corresponding Rayleigh cases are also shown. LP LOS means linearly 
polarized random LOS environment. 
In Fig. 3 we see that the RIMP CDFs follow the theoretical 
Rayleigh as expected, one of them coincide exactly with the 
Rayleigh curve due to the normalization and the other is shifted 
with the difference in embedded element efficiencies between 
the two ports. We can also see that the 3D-random LOS CDFs 
are close to being Rayleigh distributed, but this is not 
necessarily always the case, as will be seen later in the paper. 
The cumulative diversity gains relative to the theoretical 
Rayleigh at the 1% level are also shown in the figure for the 
two environments. The unit is dBR which means dB relative to 
Rayleigh. It should be pointed out that the user-distributed 
cumulative diversity gain in the 3D-random LOS environment 
is a measure of the performance of a large group of users in the 
environment. Thus, a diversity gain of 9.4 dBR means that the 
1% of the users which receives the weakest signal will 
experience a performance improvement of 9.4 dB or more 
relative to a theoretical Rayleigh distribution of the signal 
levels among the users. 
III. CDFS AND DIVERSITY GAINS OF ELEMENTARY SMALL 
ANTENNAS IN 3D-RANDOM LOS ENVIRONMENT 
Practical small antennas may in free space radiate similar to 
small electric or magnetic dipoles, or linear combinations of 
them. We will therefore show some results for such elementary 
antennas even if we know that the chassis of the device and the 
influence of the user will have a large impact and make them 
radiate differently in practice. Our choice in this section is to 
study the Huygens source which is a linear combination of 
elementary electric and magnetic dipoles. 
 
 
Figure 4.  CDF (solid) and MRC diversity combined (dashed) curves in user-
distributed 3D-random LOS environment with linear (green) and circular 
(blue) polarizations. Rayleigh curves are included for reference. Upper: Single 
linearly polarized Huygens source. Lower: Two combined Huygens sources, 
pointing in the same direction with orthogonal polarizations and pointing in 
opposite directions with orthogonal polarizations, respectively. 
The Huygens source has a far-field function of the form 
( )1 cos θ+ giving a directivity of 4.8 dBi. This is the highest 
directivity available among free space small antennas. The 
CDFs and MRC combined curves for a single Huygens source 
are shown in the upper graph in Fig. 4 and those of two 
differently combined Huygens sources in the lower graph. We 
see that the CDF of a single Huygens source in a linearly 
polarized (LP) 3D-random LOS is worse than the theoretical 
Rayleigh, whereas the same Huygens source for the circularly 
polarized (CP) 3D-random LOS is much better. Even though 
not visible in the figure, the difference between the two cases at 
the 1% CDF-level is 10.8 dB. This implies that since terminals 
usually are linearly polarized it would be beneficial to use 
circular polarized base stations. For the case of two Huygens 
sources pointing in the same directions but with orthogonal 
polarizations we see that there is no difference between the 
cases of linearly polarized and circularly polarized 3D-random 
LOS. However, when the Huygens sources are pointing in 
opposite directions and have orthogonal polarizations there is a 
much better reception. In this case there is also a dramatic 
difference between the two considered polarizations of the 3D-
random LOS. We see that for circularly polarized 3D-random 
LOS the cumulative MRC diversity gain relative to the 
theoretical Rayleigh at the 1% level is 21.7 dBR. This 
illustrates the importance of having far-fields that covers most 
directions of the 3D sphere to minimize probability of low 
received power. 
IV. CDFS AND DIVERSITY GAINS OF MOBILE PHONE 
MOCKUP WITH DIVERSITY ANTENNA IN THE 3D-RANDOM LOS 
ENVIRONMENT 
As an example of a practical antenna we study the mobile 
phone mockup with a two-port diversity antenna shown in Fig. 
2. We use the measured complex valued embedded far-field 
functions for each port for the case when the mockup is held by 
a human hand phantom and calculates the CDFs as described 
earlier. The CDFs for one of the ports for 22 uniformly 
distributed frequencies in the range 750-960 MHz are shown in 
the upper graph in Fig. 5 and the corresponding MRC diversity 
combined CDFs in the lower graph. 
 
 
Figure 5.  Upper: CDF curves for one port on the diversity antenn in Fig. 2 
for 22 frequencies between 750 and 960 MHz for linear, right-hand circular 
and left-hand circular polarized 3D-random LOS, respectively. Lower: 
corresponding MRC diversity combined CDF curves. 
In Fig. 5 the statistics of the received power for LP, RHCP 
and LHCP 3D-random LOS environments are shown as curves 
with different colors. In the upper part of the figure we see that 
the CDF curves form a bundle around the theoretical Rayleigh, 
and the green LP curves are in-between the circular polarized 
cases. This indicates that the embedded far-field function for 
this particular antenna port is mostly left hand circularly 
polarized. The MRC diversity combined CDFs are shown in 
the lower part of Fig. 5 where it can be noted that we have a 
positive dBR value for all cases. The deviations of the CDF 
curves from Rayleigh at the 1 % level are shown in Fig. 6, for 
both single ports and after MRC diversity combinations as a 
function of frequency. 
 
Figure 6.   Cumulative user-distributed performance at 1% 1% CDF level in 
dBR as a function of frequency for CDFs in Fig. 5. Uncombined CDF levels 
(solid) on both ports and for different polarizations of the 3D-random LOS, 
and MRC curves (dashed). 
V. CONCLUSIONS 
We have studied the statistics of many users in the 3D-
random LOS environment and compared it to the RIMP 
environment. Various antennas (theoretical Huygens sources 
and measured far-fields from a mockup) were considered in 
order to evaluate these environments. In the RIMP 
environment only the efficiency of antennas matters and the 
statistics of received power will always follow the theoretical 
Rayleigh curve. In the 3D-random LOS environment we have 
seen that it is in addition important to have far-fields that are 
close to omni-directional, i.e. radiates in most directions of the 
3D sphere. Also for linear polarized terminal antennas it is 
beneficial with circular polarized base stations. 
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